One of the most exciting results recently obtained in the ultraintense interaction research area is the observation of beams of protons with energies up to several tens of megaelectron volts, generated during the interaction of ultraintense picosecond pulses with solid targets. The particular properties of these beams~high brilliance, small source size, high degree of collimation, short duration! make them of exceptional interest in view of diagnostic applications. In a series of experiments carried out at the Rutherford Appleton Laboratory~RAL! and at the Lawrence Livermore National Laboratory~LLNL!, the laser-produced proton beams have been characterized in view of their application as a particle probe for high-density matter, and applied to diagnose ultraintense laser-plasma interactions. In general, the intensity cross section of a proton beam traversing matter will be modified both by collisional stopping0scattering, and deflections caused by electric0magnetic fields. With a suitable choice of irradiation geometry and target parameters, the proton probe can be made mainly sensitive to the electric field distribution in the object probed. Therefore, point projection proton imaging appears as a powerful and unique technique for electric field detection in laser-irradiated targets and plasmas. The first measurements of transient electric fields in high-intensity laser-plasma interactions have been obtained with this technique.
INTRODUCTION
One of the most exciting results recently obtained in laserplasma interaction experiments is the observation of very energetic beams of protons, generated during the interaction of ultraintense short pulses with solid targets. In a number of experiments, performed with different laser systems and in different interaction conditions, protons with energies up to several tens of megaelectron volts have been detected behind thin foils irradiated with high intensity pulses~Clark et Maksimchuk et al., 2000; Snavely et al., 2000!. In these experiments, it was seen that the particle beams are directed along the normal to the back surface of the target, and are remarkably collimated at the highest energies. These characteristics distinguish these beams from the less directed, lower energy protons observed in earlier work at lower intensities~Gitomer et al., 1984; Fews et al., 1994!. As proton beams are observed even using targets which nominally do not contain hydrogen, protons are thought to originate from hydrocarbon impurities located on the target surfaces~Gitomer et al., 1984! or from bulk contamination of the target. Since the first observations of the proton beams, there have been conflicting interpretations of the available experimental evidence, and different theoretical models of the origin of these protons have emerged. In particular, there is a strong ongoing debate about whether the source of the energetic protons is located at the front or at the back surface of the solid target. Arguments based on the angular distributions of the proton energy across the beam~observation of mono-energetic proton rings! have been used to support the hypothesis of a proton source located at the front surface of the target~Clark et al., 2000!. The possible role of accelerating fields inside the target has been recently proposed Zepf et al., 2001 ! as a mean of explaining the results of these experiments. A front-surface acceleration mechanism ~Maksimchuk et al., 2000! has been proposed by another group to explain nuclear activation results obtained using targets overcoated with deuterated plastic layers~Nemoto et al., 2001!. Among the arguments supporting the proton acceleration at the back of the target, there is the fact that the proton beam is perpendicular to the target back surface, rather than collinear with the interaction beam~Snavely et al., 2000!. Furthermore, one recent experiment~Mackinnon et al., 2001a! has shown that the proton beam can be eradicated by introducing a small preformed plasma at the rear of the target, demonstrating that the protons observed in this experiment were accelerated at the back of the target. In this model, the protons are accelerated by the enormous electric field ;MV0micron! set up by the fast electrons trapped in the Debye sheath at the back surface~Hatchett et al., 2000; Pukhov, 2001; Ruhl et al., 2001 !. Three-dimensional PIC simulations have shown that the highest energy protons are accelerated at the rear surface, and have reproduced the mono-energetic rings purely as an effect of the Debye sheath geometry~Pukhov, 2001!.
Overall, the lack of a unified view on the proton generation mechanism may depend on the wide range of target and laser parameters used in the experimental tests which have been performed. It is reasonable that the dominance of a generation mechanism on the other will strongly depend on features such as, for example, target thickness and composition, or the main-to-prepulse contrast ratio of the interaction pulse.
In any case, the proton beams generated via ultraintense interaction in all the experiments mentioned above present some common characteristics~small source size, high degree of collimation, short duration, energy dependence on the target characteristics! that make them unique, and very desirable in view of applications. In particular, we have explored their use as a particle probe in laser plasma experiments. In this paper, we will first review the properties of the proton beams observed in a series of experiments, performed partly using the VULCAN laser facility at the Rutherford Appleton Laboratory, partly using the JanUSP at the Lawrence Livermore National Laboratory. We will then present the diagnostic setup employed to probe laser-plasma interaction experiments, and finally we will briefly discuss some of the first results obtained with this probing setup.
PROTON BEAM CHARACTERISTICS
The protons were mainly produced by focusing the ultraintense laser pulses onto Al foils. These targets were chosen for ease of use and fabrication, and also because, in comparison with targets containing hydrogen as a main constituent e.g., plastic foils!, the proton beams produced were more spatially uniform, while covering the same energy range. The parameters of the lasers used for proton production were as follows. The VULCAN laser, operating in the Chirped Pulse Amplification mode~CPA!, provides 1.054-mm, 1-ps pulses with energy up to 100 J. When focused on target by an f03.5 off-axis parabola~OAP; usually p-polarised, at a 158 incidence with the target normal!, the focal spot varied between 8 and 10 mm in diameter at full width at half maximum~FWHM!, containing 30-40% of the energy, and giving intensities up to 5-7 ϫ 10 19 W0cm 2 . The main-to-prepulse contrast ratio of the VULCAN CPA laser is estimated to be around 10 6 :1. The CPA JanUSP pulse at LLNL has a wavelength of 0.8 mm and 100 fs duration. It was focused on target by an f02 OAP, p-polarised, at an angle of incidence of 228, with a focal spot of 3-5 mm, FWHM. This spot contained 30-40% of the energy, giving a peak intensity in excess of 10 20 W0cm 2 . The laser used an ASE suppression system to attain an intensity contrast ratio of 10 10 :1. In experiments at both facilities, the protons were detected using layers of radiochromic film~RCF, a detector of absorbed dose; McLaughlin et al., 1991! and CR39~a plastic nuclear track detector; Fews and Henshaw, 1982!, which were placed in a stack at the back of the target, typically at a distance of about 2 cm. The diagnostic setup is shown in Figure 1 , together with the layout of a single RCF layer of the type used in our experiments~Gafchromic MD55D!. Figure 1a shows that objects0plasmas could be placed between the source and the detector. In the following, we will explicitly say when this was the case. However, in most of the proton beam characterization studies, the protons were left free to propagate to the detector without obstructions. As shown in Figure 1b , the film consisted of an ;270-mmthick plastic containing a double layer of organic dye, which reacts to ionizing radiation. The equivalent dose of energetic protons stopped in the film can be measured from the changes in optical density undergone by the film, yielding information on the number and energy of the protons. By stacking them as indicated in Figure 1a , each layer of film acts as a filter for the following layers. Since protons deposit energy mainly in the Bragg peak at the end of their range, each RC film layer spectrally selects a narrow interval of proton energies. There is therefore a correspondence between the position of the layer and the minimum energy of the protons contributing to the signal in the layer. The first RCF layer was shielded with an Al foil~typically 25 mm in thickness!, to stop scattered laser light from reaching the detector pack. The Al foil is also sufficient to prevent the slow moving, higher-Z ions from reaching the following RCF layers. In some shots, CR39 layers were inserted in between the RC film layers. CR39 is a polymer particle detector in which energetic ions cause damage as they transit through it. Subsequent etching is then carried out to reveal the ion tracks as etched holes. This was used to confirm that the energy deposited in the preceding RCF layers was due to protons, and not, for example, to electrons or X-rays to which the RCF is also sensitive.
In both experiments, bright proton beams were produced, although the numbers varied significantly in the experiments carried out with the two lasers. On VULCAN, there 270 M. Borghesi et al. were typically more than 10 12 protons per shot with energy above 3 MeV~for laser irradiances higher than 5 ϫ 10 19 W0cm 2 !. On JanUSP, the number of protons per shot was about an order of magnitude lower.
The spectral content and divergence of the beams obtained on the two systems was comparable, but depended on the thickness of the targets used, with the proton energy generally decreasing as the thickness was increased~Mac-kinnon et al., 2001b!.
As an example, when using on VULCAN 25-mm-thick Al foils~a thickness that guaranteed both high energies and spatial uniformity!, a proton signal was observed out to the layer corresponding to proton energy above 25 MeV. The energy deposited within each film layer can be extracted from the absolutely calibrated film. This is done for each film layer, giving the energy deposited by the protons stopping in the various layers. By fitting these points with an exponential energy dependence, an estimate of the proton energy spectrum and total energy can be extracted from the film data. On a typical shot, the mean proton energy of the exponential fit was about 3.5 MeV with a total energy of about 2 J in an equivalent Maxwellian. For comparison, shots from 3-mm Al foils at JanUSP gave about the same results~temperature of 3 MeV and maximum energy between 20 and 25 MeV!.
The beams are well collimated, as visible in Figure 2 , where the half angle of proton emission is plotted versus the proton energy for two Vulcan shots~using 25 mm and 250 mm Al targets!. The angular aperture decreases with the proton energy, and generally beams from thicker targets were better collimated. Similar results were obtained on JanUSP~the emission angle from a 3-mm foil varied from about 188 for 8-MeV protons to 78 for 18-MeV protons!.
In view of probing application, a most important issue is represented by the size of the proton source, as this will determine the spatial resolution of the probe data. During the experiments, the source size of the proton beam was estimated using various methods, including penumbral edge techniques. These methods imply placing a thick edge~thicker than the stopping distance of the protons! on the way of the beam and infer the source size from the steepness of the penumbral region at the edge of the shadow. However, in our experiments, it was observed that any object placed in the path of the beam charges up positively, likely due to precursor electrons also emitted from the target. In general, this will affect edge measurements and lead to an overestimate of the source size. With this method, we obtained an upper limit of 10 mm for the source of 10-MeV protons~the source size also decreases at increasing energies!.
The observed charge-up of objects placed in the beam path led to the possibility of impressing a shadow in the proton beam profile even with objects much thinner than the proton collisional stopping distance. This phenomenon proved to be extremely useful for investigating the properties of the source. Figure 3a shows the shadow impressed by a mesh made of 5 mm Au wires with 20-mm spacing in the profile of the proton beam produced with the JanUSP laser the layer shown is the third, corresponding to 8-MeV protons!. In Figure 3b , the profile of optical density across three periods of the shadow of the mesh is shown. The shadow is seen because the electric field near the surface of the wires deflects the protons away. Therefore a minimum in absorbed dose will be observed in the RCF in correspondence with the position of the wires of the mesh, and by looking at the size of the shadow we can deduce information on the source size. Since the FWHM of the shadow is 8 mm, the blurring caused by the source size cannot be larger than 3 mm, which we can take as an upper limit of the source size for the 8-MeV protons. Fig. 1 .~a! Experimental setup for proton imaging. The CPA 1 laser pulse was used to produce the proton beam. In part of the campaign, a second CPA pulse~CPA 2 ! was available and focused on the object target in order to produced highly transient fields.~b! Layout of a layer of Gafchromic MD55 RCF.
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The observation of the mesh magnification on the detector provides important information on the nature of the source. Due to the small source size, the shadow of the mesh can be seen as a point projection image. If the source were located at the plane of the target, the magnification would be given by M G ϭ 1 ϩ L0d, with d and L, respectively, the source-to-object and object-to-detector distances. However, the magnification is consistently lower than this value. We 
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M. Borghesi et al. believe that this is an indication that the source is virtual and placed a distance x before the target. In this case the magnification would be given by M exp ϭ1 ϩ L0~d ϩ x! Ͻ M G . The deviation of the magnification observed experimentally from M G is consistent with x ; 400 mm. This implies that the protons are emitted from a region of the target much larger than the source size, but with a fixed divergence. For example, taking an emittance half-angle of 158, the diameter of the region emitting the protons would be around 200 mm. Incidentally, this may help to explain the large number of protons observed even from a metallic target~which would be inconsistent with a micron-sized source!. Another property of fundamental importance for probing application is the short duration of the proton pulse. In the Debye-sheath acceleration model, the pulse duration is determined by the fast electrons'energy depletion time~Hatch-ett et al., 2000!. PIC simulations indicate that this time is of the order of the laser pulse duration. In our experiment, the pulse duration was observed to be less than 5 ps~Borghesi et al., 2001a!, by probing the fast evolving electric fields following high-intensity laser irradiation of a solid target.
PROTON IMAGING
Due to the advantageous properties described above, laserproduced protons are a ideal tool for probing investigations. These may include their use in conventional proton radiography~Koehler, 1968!, that is, the detection via collisional stopping of aerial density variations. However in the following, we will describe a different probing application, which we have called proton imaging~Borghesi, 2001a, 2001d !, in which the proton probe is used to probe objects much thinner than the collisional stopping distance of the protons. In this regime, the dominant effect modifying the intensity profile of the proton beam will be deflections by the e.m. fields present in the object plane. In particular, we have investigated solid targets and plasmas irradiated by ultraintense laser pulses, using probing geometries in which, due to the symmetry of the field configuration, the effect of electric fields was dominant over the effect of magnetic fields.
As the proton beam originates~or appears to! from a small source, when a thin object is placed between the source and a detector, there will be a one-to-one correspondence between the points of the object plane and of the detector plane~we assume purely geometrical propagation for the protons!. Distortions to this one-to-one correspondence can be ascribed to deflections undergone by the protons when crossing the object plane, and ultimately correlated to the electric fields present in the object plane.
The broad spectral content of the beam is an advantage when probing evolving field distributions, as, due to the different propagation velocity of the various energy components, the protons will be spread temporally when they reach the object plane. As the detector performs spectral selection, each layer will convey information pertaining to different stages of the target evolution. Therefore the technique is intrinsically multiframe~Borghesi, 2001a!.
The high temporal resolution of the diagnostic makes it ideal to study highly transient fields, such as, for example, the ones arising from the electron dynamics following intense, short pulse interactions. Such measurements were carried out by exploiting the possibility of splitting the VULCAN CPA pulse in two beams~CPA 1 and CPA 2 !, focusable with separate optics along separate lines. Due to setup constraints, the energy content of each pulse had to be limited to 20 J, giving intensities of about 10 19 W0cm 2 . The temporal separation of the two pulses could be varied shot to shot. The CPA 2 pulse was used to produce a proton beam from an Al foil, and the proton beam was used to probe, transversely, the interaction of the CPA 1 pulse with solid targets or preformed plasmas.
As an example, in Figure 4 proton images taken after the ultraintense irradiation of a 150-mm glass microballoon are shown. The three images are obtained on three consecutive layers of RC film in a single shot, and provide an example of the multiframe property of the diagnostic. In coincidence with the interaction, a shadow, much larger than the target, appears in the image. This is consistent with proton deflection due to an outwardly directed electric field, caused by positive charging of the microballoon as fast electrons are expelled from the target during the interaction. By matching the deflection to the calculated deflection for protons propagating in a Coulomb field, we have obtained the first measurement of positive whole target charge-up due to the expulsion of fast electrons during the interaction~Borghesi, 2001b!. The charge at t ϭ 0 was estimated to be Q ; 2 ϫ 10 Ϫ8 C. The corresponding electric field at the target surface is E ; 10 10 V0m. A rapid discharge was observed, likely to be due to the return into the target of some of the hot electrons previously expelled. The data also show deflections caused by filamentary field structures, which have been associated with the growth of an electromagnetic instability of the hot electron current flowing back into the target. More details about these results and other important observations obtained with this diagnostic setup~which cannot be discussed here due to space constraints! are provided in other publications~Borghesi, 2001a publications~Borghesi, , 2001b publications~Borghesi, , 2001c publications~Borghesi, , 2001d Schiavi, 2001 !.
CONCLUSION
Proton beams produced during ultraintense interaction with solid foils have been characterized in view of their application as a particle beam probe for laser-plasma interaction experiments. The properties of the proton beams can be successfully exploited as a diagnostic, for example, for imaging field distributions inside laser-produced plasmas or in the vicinity of laser-irradiated targets. The first applications of this novel technique have been carried out, leading for the first time to direct detection of electric fields during laserplasma interactions.
